Summary. Culture media were developed for pronuclear-stage mouse embryos using simplex optimization, which has the benefit of being able to optimize several components simultaneously. Initially, several different media were generated. All Another experiment compared 4 of the best media generated from the simplex optimization. In 3 out of the 4 media, 90% or more of the embryos were \m=ge\4cells on Day 3. In 3 of the media, approximately 60% or more of the embryos developed into blastocysts. The simplex optimization procedure is an efficient method for developing culture media and determining requirements for development in vitro.
Introduction
An efficient method for optimizing culture media is one that would optimize a large number of variables simultaneously. If a medium contains components, then the responses to all possible mixtures of these components can be represented by a concentration response surface in (n + 1)-dimensional space (Biggers et ai, 1957 (Biggers et ai, , 1971 ). Our objective is to find on this surface the mixture which gives the optimum, usually the maximal, response. The classical experimental procedure of studying the effects of varying the concentration of each component, one at a time, is inefficient and has the defect of being unable to detect the interactions that occur between the different components. Alternative methods for exploring concentration response surfaces, which investigate interactions, are factorial experimental designs and group-rotatable designs. Brinster (1965a) used a 3 3 factorial design to examine the effect of different combinations of lactate and pyruvate. However, both factorial and group-rotatable designs have limited use in practice when several components are involved since large numbers of media would have to be made up and compared. A factorial experiment designed to investigate the effects of 10 components each at two concentrations would require the comparison of 1024 media (see Cox, 1958 , for a theoretical discussion).
An alternative approach to locating the highest point of a concentration response surface is simplex optimization (Spendley et ai, 1962) . This technique requires much smaller numbers of experimental points. The original simplex method has been modified by Routh et ai (1977) and van der Wiel (1980) and is called super modified simplex. Two computer programs are now commercially available to control the experimental program-COPS from Elsevier Scientific Software, New York, USA, and SIMPLEX-V® from Statistical Programs, Houston, Texas, USA. We have adapted the COPS program to optimize 10 components in a medium for the culture of mouse preimplantation embryos. Our method takes into consideration the biological variation associated with culture systems.
The development in vitro of 1-cell zygotes into blastocysts was first reported by Whitten & Biggers (1968) , using Fl, C57BL/10J SJL/J females as zygote donors. Zygotes from randombred strains of mice usually divide into 2 cells and arrest. This phenomenon, originally described by Cole & Paul (1965) , came to be known as the 2-cell block, and it has been overcome by growing 2-cell embryos in explanted oviducts (Whittingham & Biggers, 1967) , or by injecting cytoplasm from a non-blocking strain of embryo into a blocking strain (Muggleton-Harris et ai, 1982;  Muggleton-Harris & Brown, 1988) . There have been reports of the development in vitro of 1-cell zygotes to the blastocyst stage from certain random-bred strains of mice, utilizing already existing media (Loutradis et ai, 1987; Dandekar & Glass, 1987) , or modifications of existing media (Pomp et ai, 1988; Chatot et ai, 1989 Chatot et ai, , 1990 Spindle, 1990 Preparation of culture media. Media were prepared from individual stock solutions of each component. All components were purchased from Sigma. Most of the components were stored in 0-1 m solutions, with the following exceptions. NaCl and NaHC03 were stored at 10 M, whereas bovine serum albumin (BSA; fraction V) was stored at a concentration of 100mg/ml, CaCl2 at 0171 m, EDTA at 1-OmM and penicillin-G and streptomycin sulphate were stored as one solution at concentrations of 10 000 units/ml and 50 mg/ml, respectively. All components were stored at 4°C, in 50-ml conical centrifuge tubes (Nunc, Denmark) except for the glutamine stock and the antibiotic mixture, which were stored at -15°C in 5 ml polypropylene tubes (Falcon No. 2063, Lincoln Park, NJ, USA). Fresh solutions of NaHCOj and sodium pyruvate were prepared every 2 weeks (Hogan et al, 1986) . Furthermore, the results were more consistent if sodium lactate was prepared every 2 weeks and BSA was prepared weekly.
On the day before the start of each trial, 10 ml of each medium were prepared. First, the 10 components being tested (Table 1) were distributed to culture tubes (Falcon No. 2051 ). NaHC03 and the antibiotic mixture were then added to each tube. Distilled H20 was added to bring the volume of each tube to 9-0-9-5 ml, and then equal amounts of CaClj were added. Finally, distilled H20 was added to bring the final volume of each medium to 10 ml. In the experiments reported in this paper, selected media were compared using a randomized block design with replication within each cell. The responses to the media were assessed as the proportion of embryos that were > 4 cells on Day 3 after hCG, and the proportion that reached the blastocyst stage on Day 5. The experiments were analysed by analysis of variance after transformation of the data by a two-term inverse sine transformation, proposed by Laubscher (1961) , given by: t4 = n^sm'^x/n)'11 + (n + l)"%l"l[(* + 3/4)/(n + 3/2)]"\ where = the number of responders, and = the group size.
The advantage of this transformation over the commonly used angular transformation is that it is more stable for proportions < 0-1 and > 0-9. The theoretical variance of this distribution approaches 1 as increases. A computer program was written in QuickBasic to perform these calculations. The mean transformed responses were compared using Duncan's multiple range and / tests of significance (Number Cruncher Statistical System, J. L. Hintze, Kaysville, UT, USA).
Results

Generation of media by simplex optimization
A simplex is a geometrical figure with (n + 1) vertices, the co-ordinates defining the location of each vertex in «-dimensional space. A set of (n + 1) media can be represented by the vertices of a simplex; the co-ordinates of each vertex correspond to the concentration of the components in each medium being tested. Thus, an experiment designed to test 2 components results in a triangle which has 3 vertices and defines 3 different media, and an experiment testing 3 components results in a tetrahedron with 4 vertices that defines 4 different media. The simplex optimization procedure first defines a START simplex, in this application a set of media. The medium that gives the worst response is identified experimentally. The composition of a new medium, which should be closer to the maximum of the concentration response surface, is the geometric reflection of the co-ordinates of the worst medium of the simplex through the centroid, which is calculated from the co-ordinates of the remaining media ( Fig. 1 ). This procedure is repeated sequentially until the optimum has been reached (van der Wiel et ai, 1983).
The 10 components shown in Table 1 were selected for optimization, and so = 10. Eight of these components are present in M16 (Whittingham, 1971) . Glutamine and EDTA were also included, based on results reported by Chatot et ai (1989) . A concentration was chosen for each component to define an initial medium from which 10 other media were generated. The selected concentrations in the GENERATING medium (GENMED) were similar to those found in M16, with the following exceptions. Glucose, sodium lactate and NaCl were at lower concentrations than in M16, based on preliminary observations from our laboratory (J. Lawitts & S. Palmieri, unpublished data). Glutamine was included at a concentration similar to that found in CZB, whereas EDTA was included at a concentration of 10 pM (Dr Ann Kiessling, personal communi¬ cation). The START simplex was computed from the GENMED medium by the COPS program according to the methods described by Spendley et ai (1962) . The selected upper and lower concentrations and ranges used in these calculations are shown in Table 1 . The START simplex consisted of 11 media whose compositions are shown in Table 2 . In each of the 10 media, other than the GENMED medium, 1 of the components was raised to a relatively high concentration, while the concentrations of the remaining components were slightly raised. Embryos were cultured in each medium and the responses to each medium were entered into the COPS program. The medium which gave the worst response was determined, and a new medium was generated according to standard simplex calculations (Spendley et ai, 1962 ). The resulting medium, which contained adjusted concentrations of all components, was tested, and another new medium was generated according to the super modified simplex procedure which is also in the COPS program (Routh et ai, 1977; van der Wiel, 1980) . The response of this medium was also measured, and of the two new media, the one with the better response was chosen to replace the medium with the worst response. This sequence of tests, which completes the first cycle, is illustrated using two components in Fig. 2 . In each additional cycle, two more new media were produced and tested. Once again, the medium with the better response was chosen to replace the medium with the worst response.
Tested media
The first 4 cycles of the optimization procedure identified 4 components (NaCl, pyruvate, KH2P04 and glucose) which at high concentration were detrimental to embryo development, compared to the other 6 components. The media from the START simplex which contained high levels of these components (hNaCl, hPYR, hKH2P04, hGLUC; Table 2 ) gave the worst responses. Furthermore, during each cycle a medium was generated which had a lower amount of the com¬ ponent which had been detrimental at high concentration. These were the corresponding adjusted media (aNaCl, aPYR, aKH2P04, aGLUC) which gave improved responses. These 8 media, the simplex-derived media shown in Table 3 , were tested and compared with 5 control media and 2 reference media.
From Table 3 , it is evident that every component in each adjusted medium is at a different concentration. Therefore, 5 control media were also tested (CONT, cNaCL, cPYR, cKH2P04, cGLUC (Whittingham, 1971) . CZB is a modification of BMOC2 (Ebert & Brinster, 1983) , which contains glutamine and no glucose. A high proportion of CF1 zygotes developed into morulae in this medium, and additional glucose on Day 3 of culture promoted development to the blastocyst stage (Chatot et ai, 1989 time all embryos were transferred into culture medium, the osmolarity of the dPBS in which the embryos were stored approached 1000 mosmol. Since the large experiment could have created stress conditions, the 4 adjusted media and CZB were compared under more optimal conditions by using fewer treatment groups. Embryos were flushed from 7-9 mice and were placed in culture within 1 h after the start of the procedure, compared to 2 h in the larger experiment.
When embryos were cultured under these presumably more optimal conditions, in 3 out of the 5 media tested (CZB, aPYR and aKH2P04) 90% or more of the embryos were >4 cells by Day 3 (Fig. 5a) . Furthermore, in 4 out of the 5 media tested (CZB, aPYR, aKH2P04 and aGLUC), approximately 60% or more of the embryos developed into blastocysts (Fig. 5b) (Fig. 6) . If the undulations of the response surface are of similar magnitude to the background variation (noise) there will be little, if any, progress made. This situation could be the case for Simplex I (Fig. 6 ), located in a region where the contours of similar response are far apart. The fact that we made rapid improvements in the medium with respect to 4 components (NaCl, pyruvate, KH2P04 and glucose) indicates that we located the START simplex in a region of the concentration response surface where a large change in response resulted from a change in concentrations of these components (see Simplexes II and III in Fig. 6 ). There is also the possibility that multiple local optima exist on the concentration response surface (Fig. 6) , and that the optimum which is reached depends on the location of the START simplex. The finding that the development of zygotes to blastocysts in Media CZB and aKH2P04 is not significantly different suggests that multiple local optima do indeed exist. There are other topographies which may interfere with the approach to the overall optimum (Deming & Morgan, 1973) . If these are encountered it will be necessary to begin the optimization sequence again using a new START simplex.
The simplex optimization procedure does not select the compounds whose concentrations are to be varied. The selection process must depend on biological information. A strength of the simplex optimization method, however, is that it causes media to be tested that have compositions which may be considered extreme, according to previous information. The benefit from testing these media is that they create unexpected physiological questions. In our work the media which have been tested have focussed our attention on such questions as the effect of high Na+ or Clc oncentration, low P¡ concentration and osmolarity. A surprising result was that Medium hNaCI completely blocked embryo development at the 2-cell stage. This block should not have been due to high osmolarity (285 mosmol; Table 4 ), a value close to the optimum according to Brinster (1965b) . It is more likely that high concentrations of either Na+ or Cl" ions are blocking embryo development. There is evidence to suggest that decreasing Na+ concentration increased in-vitro development (Pomp et ai, 1988) . In the present experiment, Cl" concentration in Medium hNaCI (130 mM) was 45% and 39% higher than in CZB (90-3 mM) and aKH2P04 (93-8 mM), respectively; whereas Na+ concentration in Medium hNaCI (150mM) was 9% and 31% higher than in CZB (137 mM) and aKH2P04 (114mM), respectively. Therefore, it is possible the the Cl~concentration is responsible for the block at the 2-cell stage caused by the hNaCI medium. Although there is no prior evidence for a direct effect of Cl " on embryos, it has been shown that both the Na+/H+ antiport (Baltz et ai, 1990 ) and the Na+-dependent C1"/HC03" antiport (Baltz et ai, 1991), which regulate acid load in a number of cell types, is absent in the mouse 2-cell embryo. However, a Na + -independent C1"/HC03" antiport, which regulates alkaline loads, is present in these cells and a high external concentration of Cl " would tend to lower the pH¡ of the blastomeres via the antiport. If the pH¡ falls sufficiently, a block to development could occur. Modification of media by adjusting the sodium pyruvate or sodium lactate concentrations usually involves adjustment of NaCl levels to maintain osmolarity (Brinster, 1965a, b; Cross & Brinster, 1973; Gardner et ai, 1989 7-5 ± 0-04 7-5 + 000 7-4 + 0-01 7-5 ± 0-01 7-5 + 0-03 7-5 ± 0-00 7-4 ± 0-02 7-5 + 0-00 7-5 ± 0-01 7-5 ± 000 7-6 + 0-13 7-5 ± 000
7-5 ± 0-03 7-5 ± 0-00 Wales (1970) , who determined that embryo development occurs within a wide range of phosphate concentrations and that only by removing phosphate completely will embryo development be reduced significantly. However, Schini & Bavister (1988) have recently reported that phosphate at any concentration is detrimental to hamster embryo development.
Phosphate-buffered media have been used extensively to flush and wash embryos, because these media will maintain a steady pH in air. Investigators have even tried, with very limited success, to substitute phosphate for bicarbonate in culture medium so that embryos need not be cultured in a 5% C02 atmosphere (Quinn & Wales, 1973; Mahadevan et ai, 1986) . In the present experiment, all embryos were flushed and washed in dPBS, containing 6-75 mM-phosphate, and remained in this medium for up to 2 h before transfer into culture medium. It is unknown, at this time, whether flushing embryos in a Hepes-buffered medium such as M2 (Quinn et ai, 1982) and then culturing embryos in a medium such as aKH2P04 might result in a higher rate of embryo development in vitro than we have reported at the present time.
Increasing the concentration of pyruvate in the medium from 0-42 mM (CONT) to 0-95 mM (hPYR) resulted in a decrease in the percentage of embryos which developed beyond the 2-cell stage and a decrease in the percentage of blastocysts (Fig. 3) . There is previous evidence to suggest that pyruvate levels approaching 1 mM may be detrimental to embryo development (Brinster, 1965c) (1989) , that a high percentage of CF1 embryos will develop into blastocysts in CZB medium.
Our results demonstrate that a high percentage of embryos will grow in any of four media, CZB, aKH2P04, aPYR and aGLUC, which have very different compositions (Table 3) . Two of these media have no glucose (CZB and aGLUC) and Medium aKH2P04 has no phosphate, yet contains glucose. Medium aPYR contains both phosphate and glucose. Furthermore, the concen¬ tration of all of the other components is different in each of these media. The ability of embryos to grow under these various conditions suggests that there is no single optimum medium.
Increasing the concentration of one of three components, pyruvate, NaCl or KH2P04, signifi¬ cantly decreased embryo development. Pyruvate concentration in Medium hPYR was significantly higher than the level measured in the oviduct (Gardner & Leese, 1990;  (Table 4) are not very different from those found in the mouse oviduct (Roblero et ai, 1976; Borland et ai, 1977;  Table 5 ). However, in the simplex-derived media which supported the development of a large percentage of embryos (aPYR, aKH2P04 and aGLUC), the concentration of Na+ and Cl was much less than was found in the mouse oviduct. Furthermore, the osmolarity of these media (Table 4) is well below 300 mosmol, which is considered to be the physiological standard (Burton, 1975) . Van Winkle et al. (1990) present evidence that the addition of glycine will promote embryo development in hyperosmotic media. Glycine may function as an osmolyte to regulate intracellular concentrations of inorganic ions (Somero, 1986) . The absence of osmolytes and other components may have resulted in culture media with concentrations of inorganic ions that are vastly different from those found 
